Three experiments were conducted with castrated Romney Marsh rams (wethers) to investigate the ability of testosterone and inhibin to suppress the secretion of LH and FSH during the breeding and the non-breeding seasons. In Experiment 1, wethers (n=5/group) were treated every 12 h for 7 days with oil or 16 mg testosterone propionate (i.m.) and were then given two i.v. injections either of vehicle or of 0·64 µg/kg human recombinant inhibin A (hr-inhibin) 6 h apart. Blood samples were collected for 4 h before inhibin or vehicle treatment and for 6 h afterwards for the assay of LH and FSH. In Experiments 2 and 3 wethers underwent hypothalamopituitary disconnection (HPD) and were given 125 ng GnRH i.v. every 2 h. In Experiment 2, HPD wethers (n=3/group) were injected (i.m.) every 12 h with oil or testosterone and blood samples were collected over 9 h before treatment and 7 days after treatment. In Experiment 3, HPD (n=5/group) wethers were treated with vehicle or hr-inhibin, as in Experiment 1, after treatment with oil, or 4, 8 or 16 mg testosterone twice daily for 7 days. Blood samples were collected over 4 h before treatment with vehicle or hr-inhibin and for 6 h afterwards. Treatment of wethers with testosterone (Experiment 1) resulted in a significant decrease in the plasma concentrations of LH and number of LH pulses per hour but the magnitude of these reductions did not differ between seasons. Testosterone treatment had no effect on LH secretion in GnRH-pulsed HPD wethers in either season and treatment with hr-inhibin did not affect LH secretion in wethers or HPD wethers in any instance. Plasma concentrations of FSH were significantly (P<0·05) reduced following treatment with testosterone alone during the breeding season but not during the non-breeding season. FSH levels were reduced to a greater extent by treatment with hr-inhibin but this effect was not influenced by season. During the non-breeding season, the effect of hr-inhibin to suppress FSH secretion was enhanced in the presence of testosterone. These experiments demonstrate that the negative feedback actions of testosterone on the secretion of LH in this breed of rams occurs at the hypothalamic level and is not influenced by season. In contrast, both testosterone and inhibin act on the pituitary gland to suppress the secretion of FSH and these responses are affected by season. Testosterone and inhibin synergize at the pituitary to regulate FSH secretion during the non-breeding season but not during the breeding season.
Introduction
Rams from breeds of sheep that are adapted to life in cold or temperate climates undergo seasonal changes in the secretion of the gonadotrophins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Mostly, it has been found that the concentrations of LH (Bremner et al. 1984 , Sanford et al. 1984a , the frequency of LH pulses (Lincoln 1976 , Pelletier et al. 1982 , Bremner et al. 1984 , Sanford et al. 1984a ) and the circulating concentrations of FSH (Bremner et al. 1984 , Sanford et al. 1984a ) are greater during the breeding season than during the non-breeding season and that these changes occur primarily due to alterations in photoperiod (Lincoln & Short 1980) . These seasonal variations in the secretion of LH and FSH also occur in castrated rams (Pelletier & Ortavant 1975a , Lincoln & Short 1980 , Lincoln 1984 , Sanford et al. 1984b , Olster & Foster 1988 , Xu et al. 1992 indicating that photoperiod may act directly to affect the activity of the hypothalamo-pituitary unit. It is also apparent that there are indirect effects of photoperiod which alter the sensitivity of the hypothalamo-pituitary unit to the negative feedback actions of testicular steroids, with the greatest negative feedback effects occurring during the nonbreeding season (Olster & Foster 1988 , Sanford & Robaire 1990 , Xu et al. 1992 or inhibitory photoperiods (Pelletier & Ortavant 1975b , Lincoln 1984 . In rams, the secretion of LH is regulated by the negative feedback effects of testosterone and/or its primary metabolites (Tilbrook & Clarke 1995) while FSH secretion is regulated by the negative feedback effects of testosterone and inhibin (Tilbrook et al. 1993a,b) . We have shown that, during the breeding season, the predominant site of action of testosterone in rams is at the level of the hypothalamus to inhibit the secretion of gonadotrophin-releasing hormone (GnRH) (Tilbrook et al. 1991) . We have suggested, however, that the sensitivity of the pituitary gland to the negative feedback actions of testicular steroids may vary with season (Tilbrook et al. 1993a) and it is not known whether testosterone may act at this level to inhibit the secretion of the gonadotrophins during the nonbreeding season. Furthermore, the effects of season on the feedback actions of inhibin in rams have never been investigated. Inhibin acts exclusively at the pituitary gland to inhibit the secretion of FSH and it is evident that, during the non-breeding season at least, inhibin and testosterone can interact, with the suppressive effects of inhibin on the secretion of FSH being enhanced in the presence of testosterone (Tilbrook et al. 1993a) . Whether there are seasonal variations in these actions of testosterone and inhibin at the level of the pituitary is not known.
The present series of experiments was designed to establish if there are seasonal variations in the extent to which testosterone and inhibin act directly on the pituitary gland to suppress LH and FSH secretion. Such direct actions on the pituitary can be determined by administering these hormones, alone and in combination, to castrated rams in which the effects on endogenous GnRH are removed. Accordingly, we have used the hypothalamo-pituitary disconnected (HPD) sheep model of Clarke et al. (1983) , where the endogenous GnRH secretion is eliminated and replaced with a fixed dose and frequency of exogenous pulses of GnRH. We tested the hypothesis that the actions of testosterone and inhibin at the level of the pituitary to suppress the secretion of the gonadotrophins will vary between the breeding season and the non-breeding season.
Materials and Methods

Animals
These experiments used adult Romney Marsh rams that had been castrated within the first 3 weeks of birth (wethers) and were conducted at the Victorian Institute of Animal Science, Werribee, Australia (38 S). The mean ( ...) liveweight of the wethers was 67·0 1·5 kg. For the duration of the experiments, the animals were penned individually in an animal house and offered freely a maintenance ration and water.
The wethers used in Experiments 2 and 3 underwent HPD as previously described by Clarke et al. (1983) . HPD was performed 2 weeks before the wethers were used in an experiment, and from the time of HPD, and throughout the experimental period, each wether received a pulsatile i.v. infusion of 125 ng GnRH (Auspep, South Melbourne, Victoria, Australia) every 2 h using an automatically programmed pump (Tilbrook et al. 1991) . Each wether in Experiment 1 was fitted with an indwelling jugular venous catheter (Dwellcath, Tuta Laboratories, Lane Cove, Australia) and in Experiments 2 and 3 the HPD wethers had a catheter inserted in each jugular vein. One of these catheters was used to infuse GnRH and the other was used to collect blood samples and inject vehicle or human recombinant inhibin (hr-inhibin).
The care and use of the animals in this experiment conformed with the requirements of the Australian Prevention of Cruelty to Animals Act 1986 and the NH&MRC/CSIRO/AAC Code of Practice for the Use of Living Animals in Scientific Investigations.
Experimental procedure
Each experiment was conducted during the breeding season (March/April) and non-breeding season (September/ October) for this breed of sheep (Bremner et al. 1984) . The animals in Experiments 1 and 2 were used in both the breeding season and the non-breeding season. In Experiment 3, a different group of animals was used in each season.
Experiment 1: The effect of testosterone and hrinhibin on the plasma concentrations of LH and FSH in wethers during the breeding season and non-breeding season Ten wethers were allocated to two groups (n=5) and all were given oil vehicle for 7 days and then testosterone propionate (16 mg every 12 h i.m.) for 7 days; this was repeated during the breeding season and the non-breeding season (Fig. 1 ). Injections were given every 12 h for 7 days as described by Tilbrook et al. (1991) . This dose of testosterone yields plasma LH and testosterone levels similar to those seen in intact rams (Tilbrook et al. 1991) . On the last day of the oil or testosterone treatment the animals received two i.v. injections (6 h apart) of either vehicle (Group 1) or hr-inhibin (Group 2) (0·64 µg/kg: Tilbrook et al. 1993a) . The animals were treated with oil and testosterone in sequence to avoid carryover effects of the latter. There was no crossover of vehicle or inhibin treatments (the same sheep received vehicle or inhibin on both occasions). For each treatment with either vehicle or hr-inhibin, blood samples (7 ml) were collected every 15 min for 4 h before injection until 6 h afterwards.
The first injection of vehicle or hr-inhibin was given 7 h after the end of the first period of blood sampling and the second injection was given 6 h later. The second period of blood sampling commenced 4 h after the second injection of vehicle or hr-inhibin (Fig. 1) . The plasma was assayed for LH and FSH.
Experiment 2: The effect of testosterone on plasma concentrations of LH and FSH in HPD wethers during the breeding season and non-breeding season Two groups of three HPD wethers received 125 ng pulses of GnRH (i.v.) every 2 h and were injected i.m. every 12 h for 7 days with either oil (Group 1) or testosterone (16 mg every 12 h) (Group 2). The experiment was repeated during the breeding and the non-breeding seasons (Fig. 2 ). Blood samples (7 ml) were collected over 9 h before commencement of oil or testosterone treatment and after 7 days of treatment. During the 9 h of sampling, five GnRH pulses were delivered to the HPD wethers. The first of these pulses was delivered by the infusion pump over 6 min and the remaining four pulses were delivered by rapid hand injection. The blood samples were collected at 10, 10, 20, 30, 40 and 60 min relative to the start of a GnRH pulse. The plasma from the samples collected from the final three GnRH pulses was assayed for LH and FSH.
Experiment 3: The effect of testosterone and hrinhibin on the plasma concentrations of LH and FSH in HPD wethers during the breeding season and non-breeding season HPD wethers were pulsed with 125 ng GnRH every 2 h and received either oil or 4, 8 or 16 mg testosterone (i.m. every 12 h) during either the breeding or the non-breeding season (Fig. 3) . The animals received GnRH pulses for 2 weeks before the commencement of the experiment and throughout the experiment. The animals were first treated with oil for 7 days and then with increasing doses of testosterone, each for 7 days. Two groups (n=5) were treated i.v. with either vehicle (Group 1) or hr-inhibin (0·64 µg/kg) (Group 2) during the breeding season and a second set of animals received the same treatments during the non-breeding season.
Blood samples (7 ml) were collected over 4 h before treatment with vehicle or hr-inhibin and for 6 h afterwards (Fig. 3) . Samples (7 ml) were collected at 10, 10, 20, 30, 40 and 60 min relative to the start of each GnRH pulse.
The first injection of vehicle or hr-inhibin was given after the first period of blood sampling and the second injection was given 6 h later. The second period of blood sampling commenced 6 h after the second injection of vehicle or hr-inhibin. The plasma was assayed for LH and FSH.
Preparation of hr-inhibin and vehicle
The hr-inhibin used in this study was identical to that reported previously by us (Tilbrook et al. 1993a,b) . Briefly, it had been purified from a recombinant mammalian cell line (Tierney et al. 1990 ) and was obtained from Biotech Australia Pty Ltd (Sydney, Australia). It had the same biological and physicochemical characteristics in almost all respects as inhibin isolated from other species (Tierney et al. 1990 ). The inhibin material was originally stored in 35% acetonitrile/0·1% trifluoroacetic acid at 70 C and each sample was thawed, BSA (0·1% final concentration) added, the acetonitrile removed by evaporation under nitrogen and then gel-filtered (Sephadex G-25, PD 10 columns, Pharmacia, Uppsala, Sweden) in Dulbecco's phosphate buffer, pH 7·2. Aliquots of this material were stored at 70 C until used, at which time the stock was diluted in sterile saline (0·9% NaCl) to the appropriate concentration. The vehicle consisted of appropriate volumes of the phosphate buffer and saline identical to the volumes of hr-inhibin and saline used in each case.
RIAs
The RIAs used to measure plasma concentrations of LH were conducted as described by Lee et al. (1976) using NIH LH S18 as the standard. In Experiment 1, ten assays were conducted and the mean ( ...) assay sensitivity was 0·36 0·02 ng/ml. The maximum point of precision was 3·6-4·9% at 6·6-8·5 ng/ml. The intra-assay coefficient of variation of <10% was between 0·9-1·6 and 32·2-72·3 ng/ml, and the interassay coefficient of variation was 9·2% at 10 ng/ml and 10·0% at 15 ng/ml. Eight assays were conducted in Experiment 2 with a mean ( ...) sensitivity of 0·19 0·04 ng/ml and a maximum point of precision of 3·8-4·6% at 5·5-6·7 ng/ml. The intra-assay coefficient of variation of <10% was between 0·8-1·1 and 30·0-42·4 ng/ml, and the interassay coefficient of variation was 4·0% at 9 ng/ml and 8·6% at 16 ng/ml. In Experiment 3 there were 12 assays with a mean ( ...) sensitivity of 0·44 0·01 ng/ml and a maximum point of precision of 4·5-9·0% at 4·8-7·5 ng/ ml. The intra-assay coefficient of variation of <10% was between 1·0-2·5 and 10·2-53·2 ng/ml, and the interassay coefficient of variation was 15·5% at 7·4 ng/ml and 8·9% at 13 ng/ml.
Plasma concentrations of FSH were measured by RIA as described by Bremner et al. (1980) using NIADDKoFSH-RP1 as the standard. Ten assays were conducted in each of Experiments 1 and 2 and the mean ( ...) assay sensitivity was 0·42 0·02 and 0·16 0·02 ng/ml respectively. In Experiment 3 there were 12 assays and the mean ( ...) sensitivity of the assays was 0·26 0·02 ng/ml. For the assays in Experiment 1, the maximum point of precision was 2·5-4·4% at 5·1-10·1 ng/ml, the intra-assay coefficient of variation of <10% was between 0·6-1·6 and 25·4-46·7 ng/ml, and the interassay coefficient of variation was 13·7% at 2·5 ng/ml and 17·5% at 7·4 ng/ml. For Experiment 2 the maximum point of precision was 3·6-6·4% at 4·8-6·9 ng/ml, the intra-assay coefficient of variation of <10% was between 0·6-1·8 and 14·3-33·4 ng/ml, and the interassay coefficient of variation was 20·2% at 5·5 ng/ml and 18·6% at 20 ng/ml. In Experiment 3 the maximum point of precision for the assays was 2·7-5·5% at 4·8-5·3 ng/ml. The intra-assay coefficient of variation of <10% was between 0·8-1·3 and 16·5-24·0 ng/ml, and the interassay coefficient of variation was 12·4% at 5 ng/ml and 8·1% at 12 ng/ml.
Statistical analysis
In each experiment, the plasma concentrations of LH and FSH were compared before and following treatment with vehicle or hr-inhibin and/or oil or testosterone, and between seasons, using repeated measures ANOVA. In Experiment 1, the effects of the treatments and seasons on the frequency and amplitude of LH pulses were also analysed. The frequency of LH pulses was expressed as the number of LH pulses per hour and the amplitude of LH pulses was calculated as the difference between the peak and the preceding nadir. Pulses of LH were defined according to Karsch et al. (1987) as abrupt increases that were greater than the assay sensitivity, that exceeded the previous value by at least three times the standard deviation of the previous value, and that were followed by a progressive decline at a rate consistent with the reported half-life of LH of 29 min (Geschwind & Dewey 1968) . The number of LH pulses per hour and the amplitude of LH pulses were compared before and following treatment with vehicle or hr-inhibin and oil or testosterone, and between the breeding and non-breeding seasons. In Experiment 2, where the pulses of LH were generated by the administration of GnRH, the amplitudes of LH pulses were also compared between wethers treated with oil and testosterone and between seasons. For each of the parameters analysed in each experiment, homogeneity of variance was checked and transformation of data was not necessary. In all cases, paired comparisons were made using least significant differences.
Results
Experiment 1: The effect of testosterone and hr-inhibin on the plasma concentrations of LH and FSH in wethers during the breeding season and non-breeding season
LH In both seasons, plasma LH concentrations were significantly (P<0·001) lower when the wethers were treated with testosterone than when treated with oil ( Fig.  4 ) and the degree of reduction was similar (breeding season, 71·2% suppression; non-breeding season, 72·2% suppression). When the wethers were treated with oil, the plasma concentrations of LH were significantly (P<0·01) higher during the breeding season (Fig. 4) .
The LH pulse frequency reflected the average plasma concentrations of LH in both seasons (Fig. 4) . The pulse frequency was significantly (P<0·001) reduced with testosterone treatment (Fig. 4 ) and the degree of reduction was similar in both seasons (67% suppression during the breeding season; 72% suppression during the nonbreeding season). With oil treatment, the frequency of LH pulses was significantly (P<0·05) greater during the breeding season (Fig. 4) .
During the breeding season, there was no difference in the amplitude of LH pulses when the wethers were treated with either oil or testosterone (Fig. 4) . In contrast, during the non-breeding season, the amplitude of LH pulses was greater (P<0·05) when the wethers were treated with testosterone than when treated with oil (Fig. 4) . There was no seasonal difference in the amplitude of LH pulses when the wethers were treated with oil.
The plasma concentrations of LH, the LH pulse frequency and the amplitude of LH pulses did not change significantly following treatment of the wethers with the vehicle or hr-inhibin during either the breeding season or the non-breeding season, during treatment with either oil or testosterone (Table 1) .
FSH During the breeding season, plasma concentrations of FSH were significantly (P<0·05) lower when the wethers were treated with testosterone than when they were treated with oil. During the non-breeding season, there was no significant difference in concentrations of FSH between oil-and testosterone-treated animals (Fig. 5) . When the wethers were treated with oil, the plasma concentrations of FSH were significantly higher (P<0·001) during the breeding season than during the non-breeding season (Fig. 5) .
During both the breeding and non-breeding seasons, the plasma concentrations of FSH were significantly (P<0·001) reduced following treatment with hr-inhibin ( Table 1) . The extent to which the plasma concentrations of FSH were reduced following treatment with hr-inhibin (Fig. 6 ) did not differ between seasons when the wethers were treated with oil but, when treated with testosterone, there was a significantly greater (P<0·01) reduction in plasma FSH following treatment with hr-inhibin during the non-breeding season (48% suppression) than during the breeding season (40% suppression).
Experiment 2: The effect of testosterone on plasma concentrations of LH and FSH in HPD wethers during the breeding season and non-breeding season
LH There was no change in the plasma concentrations of LH following treatment of GnRH-pulsed HPD wethers with either oil or testosterone during the breeding and the non-breeding seasons and the concentrations of LH did not 
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FSH The plasma concentrations of FSH did not change following treatment of GnRH-pulsed HPD wethers with oil during either the breeding or non-breeding seasons (Table 2) . Following treatment with testosterone, the plasma concentrations of FSH were significantly (P<0·05) reduced during the breeding season (26% suppression) but did not change significantly during the non-breeding season (Table 2) .
Experiment 3: The effect of testosterone and hr-inhibin on the plasma concentrations of LH and FSH in HPD wethers during the breeding season and non-breeding season
LH There were no significant changes in the plasma concentrations of LH in the GnRH-pulsed HPD wethers treated with testosterone alone during either season (Table 3) . Furthermore, during both seasons, the plasma concentrations of LH did not change significantly following treatment of HPD wethers with vehicle or hr-inhibin, irrespective of the dose of testosterone administered (Table 4 ). There were also no differences between seasons in the pre-treatment concentrations of LH (Tables 3 and 4) .
FSH Plasma concentrations of FSH were not reduced during the breeding season following treatment with oil or 4 mg testosterone but there was a significant (P<0·05) reduction apparent with the 8 or 16 mg dose of testosterone (Table 3) ; levels were reduced to a similar extent with the two higher doses. During the non-breeding season, the plasma concentrations of FSH did not change significantly following treatment with any dose of testosterone (Table 3) .
During both seasons, and at each dose of testosterone, hr-inhibin significantly reduced (P<0·01) the plasma concentrations of FSH (Table 4) . The extent to which levels were reduced by hr-inhibin during the breeding season was similar at each dose of testosterone (47 to 61% suppression). During the non-breeding season, however, the extent to which the FSH levels were reduced by hr-inhibin differed (P<0·01) depending upon the dose of testosterone (Fig. 7) . The magnitude of the effect in oil-treated animals (51% suppression) and those given 4 mg testosterone (56% suppression) during the non-breeding season was similar to the suppression in FSH that occurred following treatment with hr-inhibin at all doses of testosterone during the breeding season. In contrast, when the wethers were treated with 8 mg testosterone (75% suppression) or 16 mg testosterone (85% suppression) during the non-breeding season, the degree of suppression in FSH levels following treatment with hr-inhibin was significantly (P<0·01) greater than when the wethers were treated with oil and 4 mg testosterone during the non-breeding season and at all doses of testosterone during the breeding season (Fig. 7) . The degree of suppression with hr-inhibin was similar in the animals treated with 8 or 16 mg testosterone during the non-breeding season.
Discussion
This study showed that the effectiveness of testosterone in suppressing the secretion of LH in rams did not vary between seasons, whereas there were clear differences between seasons in the negative feedback regulation of the secretion of FSH. In wethers with an intact hypothalamopituitary unit the plasma concentrations of LH were suppressed to a similar extent in both seasons following treatment with testosterone. Furthermore, in both seasons, the plasma LH levels achieved following treatment with testosterone were similar to those that we found previously with similar treatment of wethers during the breeding season (Tilbrook et al. 1991) . Our results differ from a number of studies where greater inhibitory effects of testosterone (Pelletier & Ortavant 1975b , Lincoln 1984 , Olster & Foster 1988 , Xu et al. 1992 ) and oestradiol (Olster & Foster 1988 , Sanford & Robaire 1990 ) on LH secretion were found during the non-breeding season or inhibitory photoperiods. The reasons for these divergent findings are unknown but they may be due to the different methods of treatment of rams with the steroids because it has been demonstrated that the pattern of testosterone in the plasma can influence its effectiveness to inhibit LH secretion (Rhim et al. 1993b) . Previous studies have either given a single i.m. injection of a high dose of testosterone (Pelletier & Ortavant 1975b) or have administered steroids in s.c. capsules or implants (Lincoln 1984 , Olster & Foster 1988 , Sanford & Robaire 1990 , Xu et al. 1992 ) 
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Journal of Endocrinology (1999) 160, 155-167 whereas we gave testosterone as i.m. injections every 12 h. The dose of testosterone used in Experiments 1 and 2 (including the highest doses used in Experiment 3) maintains the plasma concentrations of testosterone and yields plasma concentrations of LH and testosterone similar to those found in intact rams (Tilbrook et al. 1991) . Another possible explanation for these differences may be that different breeds of rams have been used in the various studies. For instance, differences have been observed between breeds of rams in the effectiveness of testosterone to suppress the secretion of LH (Xu et al. 1992) and in the increase in the concentrations of LH and FSH following castration (Glatzel 1991) . In support of our findings, however, it has been reported there were no season-by-steroid interactions for any parameter of GnRH or LH secretion in castrated Hampshire and Suffolk rams treated with implants of testosterone ( Jackson et al. 1991) . Clearly, for Romney Marsh rams in our laboratory, the negative feedback actions of physiological doses of testosterone on LH secretion do not differ between the breeding and non-breeding seasons. This suggests that the seasonal changes in the secretion of LH that occur in intact Romney Marsh rams (Bremner et al. 1984) are caused primarily by changes in the pulsatile release of GnRH from the hypothalamus, rather than by changes in the negative feedback actions of testicular steroids on the hypothalamopituitary unit. The results from Experiments 2 and 3 illustrate that physiological doses of testosterone do not have actions directly on the pituitary to suppress the secretion of LH in either the breeding season or the non-breeding season. In these experiments, the secretion of LH in HPD wethers receiving a fixed dose of GnRH every 2 h was not affected by testosterone treatment in either season. This corroborates our previous findings with HPD wethers during the breeding season (Tilbrook et al. 1991) . Moreover, these findings suggest that the stage of the season does not affect the responsiveness of the pituitary to the negative feedback actions of testosterone on the secretion of LH. Collectively, these data reinforce the notion that testosterone acts principally at the hypothalamic level ( Jackson et al. 1991 , Tilbrook et al. 1991 and not at the pituitary (Tilbrook et al. 1991) to inhibit LH secretion in rams. Furthermore, the secretion of LH was not affected by treatment with hr-inhibin in any instance as expected from earlier studies (Tilbrook et al. 1993a,b) . Importantly, our results show that this is the case during both the breeding season and the non-breeding season. In contrast to LH, the negative feedback regulation of FSH secretion by testosterone and inhibin was influenced by season. As expected, the plasma concentrations of FSH were suppressed following treatment with hr-inhibin, both in wethers with an intact hypothalamo-pituitary unit and in those that had undergone HPD, confirming the ability of inhibin to negatively regulate the secretion of FSH (Tilbrook et al. 1993a,b) by actions directly at the pituitary (Tilbrook et al. 1993a ). Similar actions have been shown in male rhesus monkeys (Majumdar et al. 1995) . Although the current study shows that the direct actions of inhibin to suppress the secretion of FSH were similar in both seasons, these experiments provide evidence that testosterone and inhibin can synergize during the nonbreeding season to inhibit the secretion of FSH to a greater extent. In the wethers with an intact hypothalamopituitary unit there was a greater effect of hr-inhibin when the wethers were treated with testosterone than when treated with oil during the non-breeding season but not during the breeding season. Similarly, in the HPD wethers, the effect of hr-inhibin to suppress FSH secretion was enhanced during the non-breeding season when the wethers were treated with the two highest doses of testosterone. On the other hand, hr-inhibin was equally effective at all doses of testosterone during the breeding season. We have shown previously that, during the nonbreeding season, testosterone is able to synergize with inhibin at the pituitary to inhibit the secretion of FSH (Tilbrook et al. 1993a) . The current data show that this interaction between testosterone and inhibin is influenced by season and can only occur during the non-breeding season. Furthermore, since the actions of hr-inhibin on FSH in HPD wethers were influenced by the dose of testosterone administered during the non-breeding season it is likely that the extent to which testosterone and inhibin interact at the pituitary to suppress FSH secretion will change as the circulating concentrations of these hormones vary. Indeed, seasonal changes in the circulating concentrations of testosterone and inhibin have been demonstrated in rams of a number of breeds (Lincoln et al. 1990 ). Thus, while it is tempting to conclude from our Table 4 Mean ( S.E.M.) plasma concentrations of LH and FSH in HPD wethers in Experiment 3 that were infused with 125 ng GnRH every 2 h and were treated with vehicle or 0·64 g/kg hr-inhibin after 7 days of i.m. injections of an oil vehicle or 4, 8 or 16 mg testosterone every 12 h during the breeding and non-breeding seasons. Two i.v. injections of vehicle or hr-inhibin were given 6 h apart. Different wethers were used in each season data that the maximal synergism between testosterone and inhibin to regulate FSH secretion in rams occurs during the non-breeding season, it is necessary to investigate these actions throughout the complete seasonal cycle in reproductive activity to establish with certainty if this is the case. The results of the present experiments indicate that seasonal stimuli may also influence the direct actions of testosterone to suppress the secretion of FSH, because the reduction in plasma concentrations of FSH due to treatment with testosterone alone was greater during the breeding season. This occurred in wethers with an intact hypothalamo-pituitary unit and in HPD wethers. The latter result indicates that this effect of season on the direct actions of testosterone occurred, in part at least, at the level of the pituitary. The mechanism for this influence of season on the actions of testosterone to suppress the secretion of FSH is not known. Despite these actions of testosterone, the individual action of inhibin to suppress FSH was almost double that of testosterone, which is consistent with our previous findings (Tilbrook et al. 1993a) and confirms that inhibin is more potent than testosterone as a regulator of the secretion of FSH in rams (Tilbrook et al. 1993a,b) . Nevertheless, these experiments provide important information about the negative feedback actions of testosterone at the level of the pituitary gland in rams. Although it has been established that the actions of testosterone to inhibit the secretion of LH occur predominantly at the hypothalamus, and that pituitary actions are minimal (Tilbrook et al. 1991) , there are androgen receptors (Thieulant & Pelletier 1979 , Schanbacher et al. 1984 and oestrogen receptors (Thieulant & Pelletier 1979 , GeffroyRoisne et al. 1993 in the pituitary glands of rams which provide the means by which testosterone could have direct actions on the pituitary gland. Our results show that testosterone is indeed able to act at the pituitary in rams, but this action appears to be principally to influence the secretion of FSH, not LH. During the non-breeding season, the pituitary action of testosterone involves an interaction with inhibin.
The results of Experiment 3 with HPD rams suggest that, when the hypothalamic inputs to the pituitary have been removed and a constant background of GnRH input is provided, the pituitary is still capable of responding to seasonal stimuli with a consequent change in responsiveness to the actions of testosterone and inhibin to suppress the secretion of FSH. This contrasts with the feedback regulation of LH secretion by testicular hormones which do not have major actions at the pituitary. In Experiment 3, rams that had undergone HPD surgery during the breeding season were compared with rams that had been prepared during the non-breeding season, raising the possibility that the gonadotrophs, and therefore the responsiveness of the pituitary to GnRH and testicular hormones, may differ between rams prepared in each season. This is unlikely, however, because in Experiment 2, where HPD rams were prepared in the breeding season and compared in the subsequent non-breeding season, normal secretion of the gonadotrophins was established by treatment with GnRH in both seasons. Furthermore, in both Experiments 2 and 3, the effects of testosterone were similar. The mechanism whereby the pituitary could change its responsiveness to the feedback actions of testicular hormones to affect FSH secretion is unknown but it may involve actions of the pineal hormone melatonin directly on the pituitary. It is well accepted that melatonin transduces the effects of photoperiod to coordinate cyclical changes in reproduction (Turek & Campbell 1979 , Tamarkin et al. 1985 , Arendt 1986 ) and melatonin receptors exist in the pars tuberalis and zona tuberalis in the sheep (Morgan et al. 1989 , Williams et al. 1997 . In HPD Soay rams it was found that melatonin can act directly on the pituitary to affect the secretion of prolactin (Lincoln & Clarke 1994 , 1997 , Lincoln et al. 1996 but not the secretion of the gonadotrophins (Lincoln et al. 1996 , Lincoln & Clarke 1997 and it was concluded that melatonin acts in the hypothalamus, and not the pituitary and pars tuberalis, to influence the secretion of the gonadotrophins (Lincoln et al. 1996 , Lincoln & Clarke 1997 . Nevertheless, these studies pertain to the drive of the hypothalamo-pituitary gonadal axis by GnRH and did not investigate the feedback actions of testicular hormones directly on the pituitary as we have done in the current study. Our results strongly suggest that the responsiveness of the pituitary gland to the feedback actions of testosterone and inhibin to control the secretion of FSH changes between seasons. The mechanism for this change in responsiveness to testicular hormones are unknown but the possibility that melatonin may act directly, or indirectly through the influence on the secretion of other hormones such as prolactin, requires further investigation.
The secretion of LH and FSH was higher during the breeding season than during the non-breeding season in the wethers with an intact hypothalamo-pituitary unit when not treated with testosterone or hr-inhibin, illustrating the direct effects of season on the secretion of the gonadotrophins in rams. This agrees with other findings with castrated rams (Pelletier & Ortavant 1975a , Lincoln & Short 1980 , Lincoln 1984 , Sanford et al. 1984b , Olster & Foster 1988 , Xu et al. 1992 . In the wethers in Experiment 1, the concentrations of LH and the frequency of LH pulses were higher during the breeding season. There have been varying reports on the effects of season on the frequency of LH pulses in rams, with some studies showing significant changes between seasons (Lincoln 1976 , Pelletier et al. 1982 , Sanford et al. 1984a ), as we have, and others failing to find a difference between seasons (Schanbacher & Ford 1976) . Rhim et al. (1993a) drew attention to the possibility that these discrepancies may be explained by breed differences. Nonetheless, the marked changes in the secretion of the gonadotrophins that occur between seasons in rams are likely to be due to the effects of season on the secretion of GnRH from the hypothalamus rather than on the responsiveness of the pituitary to GnRH because, in both Experiments 2 and 3, where HPD rams were administered a fixed dose of GnRH every 2 h, the plasma concentrations of LH and FSH did not differ between seasons when the animals were not treated with testicular hormones. These findings offer support for the conclusion that melatonin acts in the hypothalamus, not the pituitary, to affect the secretion of the gonadotrophins (Lincoln et al. 1996 , Lincoln & Clarke 1997 . It has been reported previously that there are seasonal changes in the pituitary sensitivity to GnRH in rams (Sanford et al. 1984a) but this was based on the response of LH to a single injection of a large dose of GnRH. Also, in a study of seasonal changes in the circulating concentrations of reproductive hormones in Hampshire rams during the breeding season, non-breeding season and the transition from the breeding to the non-breeding season it was found that the amplitude of LH pulses and the ratio of LH to GnRH amplitude differed between the transition period and other times (Rhim et al. 1993a) . In contrast, these parameters did not differ between the breeding and non-breeding seasons (Rhim et al. 1993a) . It was suggested from this study that the responsiveness of the pituitary to GnRH varied between the times studied (Rhim et al. 1993a) . Nevertheless, these findings show that the responsiveness of the pituitary to GnRH was similar during the breeding and non-breeding seasons, which is the same as the findings of the current study. It would be necessary to conduct an experiment in which HPD wethers were pulsed with GnRH during the transition periods between the breeding and non-breeding seasons in order to confirm the changes in the sensitivity of the pituitary to GnRH that have been suggested by Rhim et al. (1993a) . Nevertheless, it is evident from our results that the responsiveness of the pituitary to the actions of GnRH to stimulate the secretion of the gonadotrophins is similar during the breeding and non-breeding seasons in rams.
In summary, these experiments demonstrate that the negative feedback actions of testosterone on the secretion of LH in rams occurs at the hypothalamus and are not influenced by season. In contrast, both testosterone and inhibin act at the pituitary to suppress the secretion of FSH and these actions are influenced by season. Inhibin is clearly the major feedback regulator of FSH secretion in rams. Whereas the direct actions of inhibin appear not to differ between seasons, testosterone has a greater negative effect on FSH during the breeding season than during the non-breeding season. Nevertheless, it appears that testosterone and inhibin interact in a synergistic manner at the pituitary to regulate FSH secretion during the nonbreeding season but not during the breeding season, illustrating that seasonal stimuli can influence the responsiveness of the pituitary to the negative feedback actions of testosterone and inhibin independent of a neural input from the hypothalamus. Our results suggest that changes in the secretion of LH between seasons in rams is due largely to the direct effects of season on the activity of the hypothalamo-pituitary unit and not due to changes in the feedback actions of testicular hormones. In contrast, the secretion of FSH is influenced both by the direct effects of season on the synthesis and/or secretion of GnRH and by changes in the feedback effects of testosterone and inhibin at the pituitary. Finally, the direct effects of seasonal stimuli on the secretion of the gonadotrophins in rams are primarily due to changes in the synthesis and/or secretion of GnRH and not due to changes in the sensitivity of the pituitary to GnRH. 
